ϩ RNA was converted into doublestranded cDNA (ds-cDNA) by using SuperScript Choice System (Life Technologies) with an oligo-dT primer containing a T7 RNA polymerase promoter (Genset). After second-strand synthesis, the reaction mixture was extracted with phenol-chloroformisoamyl alcohol, and ds-cDNA was recovered by ethanol precipitation. In vitro transcription was performed by using a T7 Megascript Kit (Ambion) with 1.5 l of ds-cDNA template in the presence of a mixture of unlabeled ATP, CTP, GTP, and UTP and biotin-labeled CTP and UTP [bio-11-CTP and bio-16-UTP (Enzo)]. Biotin-labeled cRNA was purified by using an RNeasy affinity column (Qiagen), and fragmented randomly to sizes ranging from 35 to 200 bases by incubating at 94°C for 35 min. The hybridization solutions contained 100 mM MES, 1 M Na ϩ , 20 mM EDTA, and 0.01% Tween 20. The final concentration of fragmented cRNA was 0.05 g/l in the hybridization solutions. After hybridization, the hybridization solutions were removed and the gene chips were washed and stained with streptavidinphycoerythrin. DNA chips were read at a resolution of 6 m with a Hewlett-Packard GeneArray Scanner. 12. Detailed protocols for data analysis of Affymetrix microarrays and extensive documentation of the sensitivity and quantitative aspects of the method have been described [D. J. Lockhart, Nature Biotechnol. 14, 1675 (1996)]. Briefly, each gene is represented by the use of ϳ20 perfectly matched (PM) and mismatched (MM) control probes. The MM probes act as specificity controls that allow the direct subtraction of both background and cross-hybridization signals. The number of instances in which the PM hybridization signal is larger than the MM signal is computed along with the average of the logarithm of the PM:MM ratio (after background subtraction) for each probe set. These values are used to make a matrix-based decision concerning the presence or absence of an RNA molecule. Positive average signal intensities after background subtraction were observed for over 4000 genes for all samples. To determine the quantitative RNA abundance, the average of the differences representing PM minus MM for each gene-specific probe family is calculated, after discarding the maximum, the minimum, and any outliers beyond 3 SDs. Averages of pairwise comparisons were made between animals with Affymetrix software. To determine the effect of age, each 5-month-old mouse (n ϭ 3) was compared to each 30-month-old (n ϭ 3) mouse, generating a total of nine pairwise comparisons. To determine the effect of diet, 30-month-old CR-fed (n ϭ 3) and 30-month-old control-fed (n ϭ 3) animals were similarly compared. Pearson correlation coeficients were calculated between individual animals in the same age/diet groups. No correlation coeficient between two animals in the same age/diet group was less than 0.98.
ϩ RNA was converted into doublestranded cDNA (ds-cDNA) by using SuperScript Choice System (Life Technologies) with an oligo-dT primer containing a T7 RNA polymerase promoter (Genset). After second-strand synthesis, the reaction mixture was extracted with phenol-chloroformisoamyl alcohol, and ds-cDNA was recovered by ethanol precipitation. In vitro transcription was performed by using a T7 Megascript Kit (Ambion) with 1.5 l of ds-cDNA template in the presence of a mixture of unlabeled ATP, CTP, GTP, and UTP and biotin-labeled CTP and UTP [bio-11-CTP and bio-16-UTP (Enzo)]. Biotin-labeled cRNA was purified by using an RNeasy affinity column (Qiagen), and fragmented randomly to sizes ranging from 35 to 200 bases by incubating at 94°C for 35 min. The hybridization solutions contained 100 mM MES, 1 M Na ϩ , 20 mM EDTA, and 0.01% Tween 20. The final concentration of fragmented cRNA was 0.05 g/l in the hybridization solutions. After hybridization, the hybridization solutions were removed and the gene chips were washed and stained with streptavidinphycoerythrin. DNA chips were read at a resolution of 6 m with a Hewlett-Packard GeneArray Scanner. 12. Detailed protocols for data analysis of Affymetrix microarrays and extensive documentation of the sensitivity and quantitative aspects of the method have been described [D. J. Lockhart, Nature Biotechnol. 14, 1675 (1996) ]. Briefly, each gene is represented by the use of ϳ20 perfectly matched (PM) and mismatched (MM) control probes. The MM probes act as specificity controls that allow the direct subtraction of both background and cross-hybridization signals. The number of instances in which the PM hybridization signal is larger than the MM signal is computed along with the average of the logarithm of the PM:MM ratio (after background subtraction) for each probe set. These values are used to make a matrix-based decision concerning the presence or absence of an RNA molecule. Positive average signal intensities after background subtraction were observed for over 4000 genes for all samples. To determine the quantitative RNA abundance, the average of the differences representing PM minus MM for each gene-specific probe family is calculated, after discarding the maximum, the minimum, and any outliers beyond 3 SDs. Averages of pairwise comparisons were made between animals with Affymetrix software. To determine the effect of age, each 5-month-old mouse (n ϭ 3) was compared to each 30-month-old (n ϭ 3) mouse, generating a total of nine pairwise comparisons. To determine the effect of diet, 30-month-old CR-fed (n ϭ 3) and 30-month-old control-fed (n ϭ 3) animals were similarly compared. Pearson correlation coeficients were calculated between individual animals in the same Selenium is essential for male fertility in rodents and has also been implicated in the fertilization capacity of spermatozoa of livestock and humans (1) . Selenium deficiency is associated with impaired sperm motility, structural alterations of the midpiece, and loss of flagellum (1). However, three decades after the discovery of selenium as an integral constituent of redox enzymes (2), the molecular basis of the relationship of the essential trace element and male fertility remains obscure. The selenoprotein PHGPx (Enzyme Commission number 1.11.1.12) is abundantly expressed in spermatids and displays high activity in postpubertal testis (3) . In mature spermatozoa, however, selenium is largely restricted to the mitochondrial capsule, a keratin-like matrix that embeds the helix of mitochondria in the sperm midpiece (4) . A "sperm mitochondria-associated cysteine-rich protein (SMCP)" (5) had been considered to be the selenoprotein accounting for the selenium content of the mitochondrial capsule (4-6). The rat SMCP gene, however, does not contain an in-frame TGA codon (7) that would enable a selenocysteine incorporation (8) . In mice, the three in-frame TGA codons of the SMCP gene are upstream of the translation start (5). SMCP can therefore no longer be considered as a selenoprotein. Instead, the "mitochondrial capsule selenoprotein (MCS)," as SMCP was originally referred to (4-7), is here identified as PHGPx. Routine preparations of rat sperm mitochondrial capsules (9) yielded a fraction that was insoluble in 1% SDS containing 0.2 mM dithiothreitol (DTT) and displayed a vesicular appearance in electron microscopy ( Fig.  1A) . The vesicles readily disintegrated upon exposure to 0.1 M mercaptoethanol (Fig. 1B) and became fully soluble in 6 M guanidineHCl. When the solubilized capsule material was subjected to polyacrylamide gel electrophoresis (PAGE), four bands in the 20-kD region were detected (Fig. 1C, left lane) . Protein immunoblotting (10) revealed that the most prominent band reacted with PHGPx antibodies (Fig. 1C , right lane). NH 2 -terminal sequencing (11) of the 21-kD band (46% of total protein content according to stain intensity) revealed that it consisted of at least 95% pure PHGPx. We therefore investigated the composition of the mitochondrial capsules by two-dimensional (2D) electrophoresis (12) ( Fig. 2A ) followed by microsequencing (13) or matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) analysis (14) for identification (Fig. 2B) . The spot migrating with an apparent molecular mass of 21 kD and focusing at a pH near 8 (spot 3) proved to be PHGPx, according to the masses of tryptic peptides detected by MALDI-TOF spectrometry (Fig. 2B ). All tryptic fragments yielding MALDI-TOF signals of high intensity could be attributed to PHGPx or trypsin. The predicted NH 2 -terminal (positions 3 to 12) and COOH-terminal peptides (positions 165 to 170), the fragment corresponding to positions 100 to 105, and those expected from the basic sequence part (residues 119 to 151) were too small to be reliably identified. The fragment corresponding to positions 34 to 48 comprising the active site selenocysteine was not detected either. The more acidic spot 4 of Fig. 2A , the more basic spots 1, 2, and 5, and those exhibiting a smaller apparent molecular mass (spots 6 and 7) also contained PHGPx (15) . Spots 1 to 6 were essentially homogeneous. Spot 7 showed a trace of impurity that could not be identified by masses of fragments. Integrated stain intensities of the individual spots indicate that PHGPx constituted about 50% of the capsule material.
Minor components present in the gel ( Fig.  2A , spots 10 to 13) were assigned to mitochondrial proteins or to cytosolic contaminations. Spots 8 and 9 consisted of "outer dense fiber protein," a cysteine-rich structural sperm protein that is associated with the helix of mitochondria in the midpiece but also extends into the flagellum. SMCP was not detected. This basic protein that becomes superficially associated with the outer mitochondrial membranes in late spermatids and epididymal spermatozoa (5) might have been degraded by trypsination during capsule preparation.
PHGPx was enzymatically inactive in mature spermatozoa prepared from the tail of the epididymis and was not reactivated by the reduced form of glutathione (GSH) in the low Whole rat spermatozoa were solubilized with 0.1 M 2-mercaptoethanol and 6 M guanidineHCl and freed from low molecular weight compounds as described (17) . Aliquots of the protein mixture (0.05 mg of protein) were subjected to SDS-PAGE under reducing (lanes 1 and 2) and nonreducing conditions (lanes 3 and 4) at zero time (lanes 1 and 3) (17) . In fact, the specific activities thereby obtained from mitochondrial capsules (5600 Ϯ 290 mU/mg protein) exceeded, by a factor of 20, the values measured in spermatogenic cells (250 Ϯ 10 mU/ mg). Nevertheless, the PHGPx activity regenerated from the capsule material was low relative to its PHGPx protein content. On the basis of the specific activity of pure PHGPx, the reactivated enzyme would be equivalent to less than 3% of the capsule protein, whereas the 2D electrophoresis suggested a PHGPx protein content of at least 50%. The increase of PHGPx activity by the reductive procedure was similarly observed in epididymal spermatozoa (from zero to 3140 Ϯ 200 mU/mg protein) but not in spermatogenic cells from testicular tubules (250 Ϯ 10 to 260 Ϯ 10 mU/mg). The latter observation is consistent with the expression of PHGPx as active peroxidase in round spermatids (3) . The switch of PHGPx from a soluble active enzyme to an enzymatically inactive structural protein thus occurs during differentiation of spermatids into spermatozoa (18) .
The alternate roles of PHGPx as a glutathione-dependent hydroperoxide reductase or a structural protein are not necessarily unrelated. A feature common to all glutathione peroxidases is a selenocysteine residue, which, together with a tryptophan and a glutamine residue, forms a catalytic triad (19) . Therein the selenol group of the selenocysteine residue is oxidized by hydroperoxides with high rate constants. The reaction product, a selenenic acid derivative, R-SeOH, reacts with GSH to form a selenadisulfide bridge between enzyme and substrate, R-Se-S-G, from which the groundstate enzyme is regenerated by a second GSH. In analogy, PHGPx, which is the least specific of the glutathione peroxidases (19) , can use protein thiols as alternate substrates to create protein aggregates that are cross-linked by selenadisulfide or disulfide bonds. This likely occurs when cells are exposed to hydroperoxides at low concentrations of GSH, as is documented for late stages of spermatogenesis (20) . Proteins derived from epididymal spermatozoa, when exposed to H 2 O 2 in the absence of GSH, yielded a variety of PHGPx-containing aggregates (Fig. 3A) . This process depends on the presence of thiol groups in proteins distinct from PHGPx, because under identical conditions only a marginal aggregate formation was observed with pure PHGPx (Fig. 3B) .
Our findings require a fundamental reconsideration of the role of selenium in male fertility. The predominance of the selenoprotein PHGPx in the male reproductive system (3) has been believed to reflect the necessity to shield germ line cells from oxidative damage by hydroperoxides (3, 20) . This concept still merits attention with regard to the mutagenic potential of hydroperoxides and probably holds true for the early phases of spermatogenesis. At this stage, phenomena attributed to the enzymatic activity of PHGPx or other glutathione peroxidases-for instance, silencing lipoxygenases, dampening the activation of nuclear factor B, or inhibiting apoptosis (21)-may also be relevant. Mature spermatozoa, however, depend on PHGPx as a structural protein, because the morphological midpiece alterations that are observed in selenium deficiency likely result from impaired biosynthesis of the selenoprotein. In consequence, it is not the antioxidant capacity of PHGPx but the ability to use hydroperoxides for the formation of a structural element of the spermatozoon that is pivotal for male fertility.
Eutrophication, Fisheries, and Consumer-Resource Dynamics in Marine Pelagic Ecosystems Fiorenza Micheli* Anthropogenic nutrient enrichment and fishing influence marine ecosystems worldwide by altering resource availability and food-web structure. Metaanalyses of 47 marine mesocosm experiments manipulating nutrients and consumers, and of time series data of nutrients, plankton, and fishes from 20 natural marine systems, revealed that nutrients generally enhance phytoplankton biomass and carnivores depress herbivore biomass. However, resource and consumer effects attenuate through marine pelagic food webs, resulting in a weak coupling between phytoplankton and herbivores. Despite substantial physical and biological variability in marine pelagic ecosystems, alterations of resource availability and consumers result in general patterns of community change.
Increased nutrient loadings and fisheries exploitation are major human perturbations to marine ecosystems worldwide (1) . Alteration of resource availability represents a "bottomup" perturbation of marine ecosystems, whereas removal of consumer biomass through fishing represents a "top-down" disturbance. An understanding of how bottom-up and topdown processes influence the dynamics of marine communities is necessary for effective management of marine ecosystems in the face of environmental variability and multiple human impacts. However, it is difficult to determine the effects of resource availability and food-web interactions in open ( pelagic), highly variable marine systems; most propositions are based on anecdotal evidence from catastrophic events such as El Niño years (2), fishery collapses (3), and the introduction of exotic species (4). To determine how marine pelagic ecosystems respond to variation in the quantity of resources and consumers, I conducted meta-analyses of data from a variety of experimental and natural systems and examined whether changes in the abundance of consumers ( pelagic zooplanktivorous fish) cascade down marine food webs to affect lower trophic levels, and whether changes in nutrient availability and primary productivity cascade up marine food webs to affect higher trophic levels.
To address these questions, I assembled data from experimental manipulations conducted in marine mesocosms and from longterm monitoring of open marine ecosystems. Experiments conducted in mesocosms eliminate open-system dynamics but represent controlled alterations of nutrient availability and food-web structure. In contrast, longterm monitoring of open marine systems documents patterns at realistic spatial and temporal scales. The first data set comprised phytoplankton and mesozooplankton (mostly herbivorous copepod crustaceans larger than 150 to 300 m) data from marine mesocosm experiments where nutrient availability was manipulated by adding N compounds, or where food-web structure was manipulated by adding or removing zooplanktivorous fish or invertebrates (5) . The second data set consisted of time series (7 to 45 years) of N availability (measured as the annual loading or as the average N concentration during winter months), primary productivity, and the biomass of phytoplankton, mesozooplankton, and pelagic zooplanktivorous fish for 20 open marine ecosystems (6) .
For the mesocosm experiments, I quantified responses of phytoplankton and mesozooplankton to nutrient and food-web manipulations by using the natural logarithm of the ratio between the mean value of the variable in mesocosms with carnivores (zooplanktivorous fish or invertebrates) or nutrients (inorganic N compounds) added and in unmanipulated, control mesocosms (7). Zooplanktivores caused significant decreases in mesozooplankton biomass, both in mesocosms with no N added (Fig. 1A) and in mesocosms enriched with N (Fig. 1B) . Zooplanktivores caused an increase in phytoplankton biomass, but this trend was statistically significant only in systems that were also enriched with N ( Fig. 1, A and B) . Nitrogen addition caused similar and significant increases in phytoplankton biomass in mesocosms containing two ( phytoplankton and zooplankton; Fig. 1C ) or three trophic levels ( phytoplankton, zooplankton, and zooplanktivores; Fig. 1D ). Under either food-web configuration, nutrient addition did not affect mesozooplankton biomass (Fig. 1, C and D) . The effects of the manipulations were not significantly correlated with either experiment duration or mesocosm size in zooplanktivore-manipulation experiments (8) , and the effects were only weakly correlated with duration but not with size in nutrient-manipulation experiments (9) . Therefore, these results are unlikely to be biased by the short duration or small mesocosm sizes used in most experiments.
For the 20 open marine ecosystems, I examined the cross-correlation between time series of nutrients, productivity, and biomass of different trophic levels using Spearman rank correlation (10) . Theoretical models exploring the relations among resource availability, food-web structure, and biomass of different trophic levels predict patterns of biomass accrual along productivity gradients at equilibrium, that is, after transient effects have disappeared (11, 12) . Because seasonal events such as upwelling and sudden increases in fish density from immigration or spring reproduction are transient effects, I used yearly values of productivity and biomass to approximate equilibrium conditions. Year-toyear fluctuations in mesozooplankton biomass were negatively correlated with zooplanktivorous fish (r ϭ Ϫ0.22; 95% confidence limits ϭ Ϫ0.31 and Ϫ0.12; N ϭ 19), indicating that fish predation may control mesozooplankton biomass. In contrast, the correlation between mesozooplankton and National Center for Ecological Analysis and Synthesis, Santa Barbara, CA 93101, USA. *Present address: Dipartimento di Scienze dell'Uomo e dell'Ambiente, Universita' di Pisa, 56126 Pisa, Italy. E-mail: f.micheli@trident.nettuno.it
